Biomedical application potentials of carbon nanotubes-based materials have been investigated intensively in recent years; however, characterization and metrology are still facing great technical challenges when the materials are intended to be used as carriers for therapeutics in aqueous solutions. Systematic characterization on the dispersing carbon nanotubes is urgently required and therefore of significance. In this paper multiwalled carbon nanotubes (MWCNTs) with different average lengths or with different oxidation degrees were dispersed in water and characterized systematically by applying UV spectroscopy, SEM, DLS, TGA, XPS, and FTIR. In particular, the characteristic absorption of the carbon nanotubes was analyzed using resolution-fitting technique to establish relations of wavelength and absorption intensity to the size distribution and surface chemistry. Results indicated that the absorption spectra of MWCNTs could reflect the variation of surface chemistry and length distribution of carbon nanotubes dispersed in water by combining with the other measurements. A vascular endothelium cell line was taken as a model to figure out association between physicochemical features and cytotoxicity of the carbon nanotubes. It was showed that the multiwalled carbon nanotubes with different oxidation degrees and similar length distribution exhibited different interaction files to the cells proliferation in a manner of time dependence and concentration dependence.
Introduction
Carbon nanotubes have shown their promising potentials in biomedical fields including novel delivery systems for drugs or DNAs/RNAs in recent years, which have been reviewed in detail in some publications [1] [2] [3] [4] [5] [6] . Meanwhile, biological safety and risks along with the application of carbon nanotubes-based materials have been seriously concerned, as related research publications are increasing constantly and the experimental data from different research groups are often different and even conflicted each other [7] [8] [9] [10] [11] [12] . For example, Takagi et al. reported an incidence of mesothelioma in p53-deficient mice injected intraperitoneally with 3 mg per mouse of multiwalled carbon nanotubes [8] . On the contrary, Muller et al. reported that, several months after the injection of nanotubes, the inflammatory reaction was almost absent and limited by a fibrotic encapsulation; hence, multiwalled carbon nanotubes (MWCNTs) with or without structural defects did not induce mesothelioma in this bioassay displaying the absence of carcinogenicity of nanotubes [9] . Accumulating evidence implied that one of the important reasons that cause these conflicts is the lack of standard metrology for carbon nanotubes due to the lack of comprehensive characterization, which makes it difficult to compare data from different laboratories worldwide. Besides making comparison, the great efforts to apply carbon nanotubes into biomedical fields are requiring comprehensive characterization urgently.
For molecular drugs, their physicochemical properties such as molecular weight, chemical composition, purity, solubility, and stability are usually necessary to analyze. The instrumentation to ascertain these properties have been well established, and the techniques are standardized. Techniques such as nuclear magnetic resonance (NMR), mass spectrometry, ultraviolet-visible (UV-Vis) spectroscopy, infrared spectroscopy (IR), and gas chromatography (GC) can well meet the demands to analyze such molecules. However, for carbon nanotubes dispersing in water, there are big technical challenges in metrology as well as in characterization.
As it is well known, carbon nanotubes are one representative nanomaterial with heterostructure. The molecular weight of the carbon nanotubes is hard to determine due to their complicated surface chemistry induced by different modification processes and broad length distribution. Besides, they are usually required to disperse in water when being considered to be applied as carriers for therapeutic or detective molecules, while characterizations for carbon nanotubes dispersing in the aqueous solutions is facing more difficulties because most of the existing measurement technologies are just applicable to solid nanomaterials.
It has been noticed that the physicochemical features are likely to affect biological effects of the carbon nanotubes. For instance, some investigations have indicated that size distribution and surface chemistry of carbon nanotubes affected their interactions to the cells. Sato et al. reported that the degree of inflammatory response in subcutaneous tissue in rats induced by the MWCNTs of about 220 μm in length was slight in comparison with that around those induced by the MWCNTs of about 825 μm in length [13] ; Li et al. modified MWCNTs with phosphatidylcholine (PC), polyethylene glycol (PEG), and PC-terminated polyethylene glycol (PEG-PC), and the modified MWCNT induced only low acute toxicity in reference to the original MWCNT [14] . Nevertheless, lots of experimental data are hard to be compared because in many cases only a broad size range or an average length value was given in the literature, and most of them were the description for the carbon nanotubes in the solid phase. These strongly suggest that comprehensive characterization for carbon nanotubes dispersing in the aqueous solution and the association with biological effects still requires extensive investigation.
This work aimed to make systematic and detailed characterization of as-received or oxidized multiwalled carbon nanotubes (MWCNTs) dispersing in water by applying UV-vis-NIR spectroscopy, scanning electron microscope (SEM), dynamic light scattering (DLS), thermogravimetry analysis (TGA), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared spectroscopy (FTIR). In particular, a resolution-fitting technique was applied with the UV-vis-NIR spectra of the carbon nanotubes to establish relations of wavelength and absorption intensity to the size distribution and surface chemistry. Additionally, a vascular endothelium cell line was taken as a model to figure out association between physicochemical features and cytotoxicity of the carbon nanotubes.
Materials and Methods

2.1.
Materials. Three kinds of as-received multiwalled carbon nanotubes (MWCNTs) were purchased from Chengdu Organic Chemicals Co. Ltd. the diameter for the samples is 20∼30 nm, and average length of the samples is given by the manufacturer as 0.5∼2 μm (s-MWCNTs), 30 μm (m-MWCNTs), and 50 μm (l-MWCNTs). The samples purity is >95%, amorphous carbon <3%, and ash (catalyst residue) <1.5%.
Oxidation of l-MWCNTs.
In this work, only as-received MWCNTs were treated to obtain oxidized l-MWCNTs with different oxidation degrees. The treatment procedure included a combination of concentrated acids oxidation and sonication as described in previous literature [15] . In brief, the as-received l-MWCNTs were mixed in concentrated H 2 SO 4 /HNO 3 (3 : 1 by volume) for 12 h, followed by a probe sonication at 750 W for different times of 0, 30, 60, and 100 seconds to make different oxidation degrees; the resulting products are oxidized l-MWCNTs and named l-MWCNTs-O 1 , l-MWCNTs-O 2 , l-MWCNTs-O 3 , and l-MWCNTs-O 4 , respectively. The above oxidized products were rinsed, filtrated using millipore membrane (pore size: 2 μm) thoroughly with distilled water (18.2 Ω) till the pH value of the running water reached to that of original, and then dried completely in a vacuum oven at 50 • C.
UV Spectroscopy Analysis and Peak Resolution and Fitting
Preparation of Colloid Solutions of Carbon Nanotubes.
The as-received l-MWCNTs, m-MWCNTs, and l-MWCNTs and the oxidized l-MWCNTs samples were dispersed in distilled water or in complete culture medium (that includes DMEM and 10% FCS) by aid of probe sonication at 360 W for 60 seconds, followed by a centrifugation of 1540 g/min for 20 minutes to remove undispersed substance from the aqueous phase. The solutions were subjected to UV-Vis-NIR spectroscopy (Lambda 950, Perkin-Elmer). The absorption spectra of the samples were resolved into 3 subpeaks and fitted to envelop using software of Igor pro 6.1.
Measurement of Colloids Stability of Carbon Nanotubes.
To measure the colloid stability of carbon nanotubes in the water at static condition, the solution samples obtained in Section 2.3.1 were placed in vertically standing tubes and stored at room temperature for 2, 8, 17, 24, and 31 days. At each time point, a 50 μL of the stock solutions of very upper part was taken and subjected to UV-Vis-NIR spectroscopy (Lambda 950, Perkin-Elmer). The optical density (O.D.) of the solutions was measured. For measurements in dynamic condition, the solutions obtained in Section 2.3.1 and stored post 8 days were centrifuged in 4310 g/min, 6740 g/min, and 11390 g/min, respectively. The O.D. of the supernatants was measured. (SEM) . Solutions obtained in Section 2.3.1 were dropped on a silicon substrate and dried at room temperature for scanning electron microscopy (SEM, Hitachi S-5200) observation. Length distribution for the four oxidized MWCNTs was obtained by counting more than 300 nanotubes randomly taken in ten SEM images.
Scanning Electron Microscopy
Dynamic Light Scattering Measurement.
Solutions obtained in Section 2.3.1 were subjected to dynamic light scattering spectroscopy (ZEN 3690; Malvern Instruments Ltd, Malvern, UK) at a fixed scattering angle of 90 at 25 • C. Zeta potential and relative hydrodynamic diameter distribution of the MWCNTs solutions (water or the culture medium) were measured.
2.6. Thermogravimetric Analysis. Samples of as-received and oxidized MWCNTs were weighted and mounted to thermogravimetric analysis (TG209C, NETZSCH). The measurement temperature ranged from 25 • C to 800 • C, and heating rate is 20 • C/min.
Surface Chemistry Analysis
FT-IR Analysis.
Samples of MWCNTs were analyzed by Fourier transform infrared spectroscopy (FT-IR, Nicolet NEXUS 670). Spectra were recorded with a resolution of 2 cm −1 over the wave number range 4000∼400 cm −1 .
XPS Analysis. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Japan JEOL Scientific JPS-9010TR XPS system with Al K Alpha radiation as the exciting source, where the binding energies were calibrated by referencing the C1s peak to reduce the sample charge effect.
MTS Assay to Examine Endothelium Cells Viability.
Endothelial cell line (EA.hy926) was purchased from the Cell Bank of Shanghai Institutes of Biological Sciences, Chinese Academy of Sciences (Shanghai, China), which was maintained in DMEM media supplemented with 10% fetal calf serum, 4 mM L-glutamine, 1 mM sodium pyruvate, 4500 mg/L glucose, 1500 mg/L sodium bicarbonate, and 0.1% penicillin G and streptomycin (Invitrogen) at 37 • C with 5% CO 2 . Endothelial cells were detached from the culture flask using 0.125 M trypsin-EDTA when they became 70∼80% confluent. Then the cells were seeded on 96-well plate at a density of 4 × 10 3 cells/well and cultivated in an incubator overnight. The culture medium was replaced with 200 μL of culture medium containing l-MWCNTs-O 1 , l-MWCNTs-O 2 , l-MWCNTs-O 3 , or l-MWCNTs-O 4 with concentrations of 0.01, 0.05 and 0.25 mg/mL . The viable cells number was determined at 48 h and 72 h using MTS assay (CellTiter 96 @ A Queous Non-Radioactive Cell Proliferation Assay, Promega) according to the manufacturer's instruction. The intact culture medium was taken as control.
The viability of the cells was calculated using the following equation:
average cell number of sample wells average cell number of control wells
The data were expressed as average ± standard deviation (x ± SD) unless otherwise stated. Data were analyzed using a Student's two-tailed test, assuming equal variance with SAS 8.2 software.
Results and Discussion
SEM Observation of As-Received MWCNTs and
Oxidized MWCNTs. Length distribution for carbon nanotubes dispersing in water is one very crucial parameter because, to a large extent, it determines biological effects of carbon nanotubes in water. Detailed information of length distribution is necessary and helpful to deeply understand biological effects induced by carbon nanotubes.
SEM is widely used to characterize morphology as well as individual size of carbon nanotubes materials [16] [17] [18] [19] [20] . As seen in the SEM images shown in Figure 1 , the length distribution for as-received s-, m-, and l-MWCNTs which are easy to distinguish is obviously different. In addition, it could be noticed that the tube surface of as-received s-or m-MWCNTs seemed not as clear as the surface of as-received l-MWCNTs. These indicated other forms of carbon substance on the tubes surface. Figure 2 presented SEM images of l-MWCNTs treated with different oxidation degrees as an example of oxidation effect on the length of carbon nanotubes. It was clearly seen that, after oxidation treatment, the typical tube-like structures were remained while the length of as-received l-MWCNTs became obviously shorter in reference to that of original. By statistically counting from randomly selected SEM images, the length distribution of the four oxidized l-MWCNTs was very close, the four samples seemed to have similar size distributions ranging from 500 nm to 2 μm, and the average length is 940, 967, 967, and 974 nm for l-MWCNTs-O 1 , l-MWCNTs-O 2 , l-MWCNTs-O 3 , and l-MWCNTs-O 4 , respectively (inserted plots in the SEM images).
DLS Analysis of the Size Distribution of Oxidized
MWCNTs. Dynamic light spectroscopy (DLS) is one measurement that may provide information of nanomaterials size distribution. Although DLS measurement is suitable to determine the diameter of particles with sphere shape, it can still provide hydrodynamic diameter for nanotubes [21, 22] ; the data could be used to evaluate variation of length distribution for carbon nanotubes. The measurement of DLS and Zeta potential was conducted with the four kinds of oxidized l-MWCNTs dispersing in water or in the culture medium.
Zeta potential measurement showed that the four oxidized l-MWCNTs had very similar Zeta potential values around −42 mV when dispersing in water (Figure 3(a) ), which is much lower than that of as-received l-MWCNTs of −28 mV. It is indicative that the oxidation treatment increased hydrophilicity and dispersion stability of l-MWCNTs in water. When dispersing in the culture medium, Zeta potential of the four kinds of oxidized l-MWCNTs was around −16 mV (Figure 3(c) ), which is very similar to that of culture medium (−17 mV as determined). This indicated that the four kinds of MWCNTs absorbed serum protein molecules onto their surface. And, with the oxidation degree increased, Zeta potential value exhibited a decreasing tendency, which implied that l-MWCNTs with higher oxidation degree had less negative surface charges than those with lower oxidation degree. A possible explanation is that Zeta potential of serum protein could be affected by oxidized l-MWCNTs with a higher oxidation degree.
For those dispersing in water, it could be noticed that the size distribution of the four kinds of oxidized l-MWCNTs became more narrow compared with as-received l-MWCNTs. Among the four oxidized l-MWCNTs, l-MWCNTs-O 4 had the most narrow size distribution (Figure 3(b) ), which is consistent with the observations from SEM. These results implied that oxidation treatment with long-time sonication would benefit size homogeneity of carbon nanotubes. The four kinds of oxidized l-MWCNTs dispersing in the culture medium showed a tendency of size distribution similar to those dispersing in water (Figure 3(d) ). Comparing the results given in serum protein adsorption. Taken in all, the average hydrodynamic diameter of the four oxidized l-MWCNTs decreased significantly in reference with as-received l-MWCNTs no matter dispersing in water or in the culture medium, and the four oxidized samples exhibited average size in a closed level.
Surface Chemistry of Oxidized MWCNTs (XPS and FTIR).
Water dispersion of carbon nanotube-based materials largely depends on their surface chemistry. Usually treatment of concentrated acids combining with sonication makes carbon nanotubes oxidized, which introduces a variety of oxygencontaining groups to the surface of carbon nanotubes such as O-C=O, C=O, and C-O along with cutting carbon nanotubes short. As shown in XPS spectra of oxidized l-MWCNTs (Figure 4(a) important to note that, with the sonication time increased, the amount of oxygen-containing groups increased correspondingly in particular, the order of increasing rate for the different oxygen-containing groups is; O-C=O > C=O > C-O (Figure 4(b) ). FTIR spectroscopy provided further evidence of O-C=O group that existed on the surface, and the characteristic absorption peak of 1720 cm −1 became stronger as sonication time increased (Figure 4(c) ). The above results evidenced that longer sonication time increased the oxidation degree of carbon nanotubes, resulting in more oxygen-containing groups on the surface of l-MWCNTs.
TGA Analysis of As-Received MWCNTs and Oxidized l-
MWCNTs. TGA can be used to analyze the quality of carbon nanotubes [23] as well as to track the effects of purification process and monitor how changes in manufacturing conditions affect the percentage of carbon nanotubes within the sample [24] . Figure 5 showed TGA and DTG spectra of the three kinds of as-received MWCNTs and the four oxidized l-MWCNTs. The primary oxidation temperature for each material is defined as the temperature at the highest peak for the material on the derivative weight curve and can represent the thermal stability of the material. For the as-received MWCNTs, the oxidation temperatures were 651 • C for l-MWCNTs, 620 • C for m-MWCNTs, and 610 • C for s-MWCNTs (Figure 5(a) ), among which as-received l-MWCNTs exhibited the highest oxidation temperature. As given by the manufacturer, the oxygen content for the different as-received MWCNTs is 4%, 5%, and 6% for s-, m-, Journal of Nanomaterials and l-MWCNTs, respectively. It was indicated that the surface oxidation degree for the three of as-received MWCNTs was s->m->l-MWCTs because lowly oxidized carbon nanotubes are more resistant to decomposition than highly oxidized ones. These are in consistence with the data given by the manufacturer. In addition, s-MWCNTs and m-MWCNTs exhibited a fairly broad decomposition peak with multiple shoulders, which should be likely indicative of multiple types of carbons decomposing. This was consistent with the SEM observations (Figure 1 ). Figure 5 (b) showed result of TGA tests for the oxidized l-MWCNTs that have similar length distributions. The oxidation temperature of oxidized MWCNTs was 527.83 • C, 534.62 • C, 524.31 • C, and 504.4 • C to l-MWCNT-O 1 , l-MWCNT-O 2 , l-MWCNT-O 3 , and l-MWCNT-O 4 , respectively. From the temperature data, first, it could be seen that oxidation temperature of the different oxidized l-MWCNTs with aid of sonication was decreased with the increasing oxidation time. It has been reported in the literature that the shift to lower temperature is consistent as the oxygen content increases [23] . Hence, it is inferred that longer sonication time resulted in higher oxidation degree. The results also showed that oxidation temperature of l-MMCNTs-O 1 was lower and the peak was broader compared to the other three kinds of oxidized l-MWCNTs, from 410 • C to 566 • C, indicating that treatment with the concentrated acids only would result in an unhomogeneous oxidization of carbon nanotubes. We would suggest that the part of lowly oxidized nanotubes in l-MMCNTs-O 1 made its decomposition temperature increase. Beside the variation of oxidation temperature, the oxidation peaks for the four oxidized l-MWCNTs were much narrower than the one for as-received l-MWCNTs, which indicated a sample of higher purity.
Characteristic Absorption of MWCNTs and Relation to the Size Distribution and Surface Chemistry.
MWCNTs showed characteristic absorption spectra in 240∼265 nm. Figures 6(a) and 6(b) presented representative UV spectra of as-received MWCNTs with different average length and the oxidized l-MWCNTs with different oxidation degrees, respectively, exhibiting the characteristic absorption. It could be seen that the spectra containing multiple peaks, which were resolved into three peaks as shown in Figure 6 (c), among them peak 2, was a major one both in intensity and in area. For the three as-received MWCNTs samples, the wavelength of peak 2 shifted towards red obviously from 259 nm to 262 nm with the average length of MWCNTs increasing from 2 μm to 50 μm, while the intensity of peak 2 varied from 0.29 to 0.33 ( Figure 6(d) ). For the four oxidized l-MWCNTs, with the percentage of surface oxygen content increased, the intensity of peak 2 increased correspondingly, from 0.38 to 0.57 ( Figure 6(e) ), while the wavelength of peak 2 exhibited a slight red shift, from 263 nm to 264 nm. Together in all, it could be found that the intensity of peak 2 reflected the variation of oxidation degree of the MWCNTs, and the wavelength of peak 2 reflected the majority length of MWCNTs dispersing in water. And, from the resolved spectra, one can identify and compare MWCNTs samples from different sources.
Colloid Stability of Oxidized MWCNTs.
The characteristic absorption of MWCNTs can be used to examine colloid stability of MWCNTs. L-MWCNTs-O 4 was taken as an example in this work; and dits colloid stability was monitored using the absorption spectra. Figure 7 presented the absorption peak of l-MWCNTs-O 4 dispersing in water within storage periods. When the absorption spectra were resolved into three peaks, the absorption intensity decreased with time under static condition. The dramatic variation occurred within 17 days, and then the variation extent became smaller. Peak 2 also exhibited a slight red shift from 261.7 to 262.3 except the one on day 17, which was 263.9 nm (Figures 7(a) and 7(b) ). The wavelength on day 17 could be attributed to the dispersion status of l-MWCNTs-O 4 in water, the carbon nanotubes dispersing in water were gradually forming agglomerate, which made absorption wavelength red shifted, and then the agglomerate was gradually aggregated and left from water phase within 17 days; the absorption wavelength of the solution then shifted towards back. This is consistent with the variation of absorption intensity. When centrifugation was applied to the solutions of l-MWCNTs-O 4 stored for different time, the wavelength and intensity of peak 2 decreased significantly, while the peak wavelength changed little (Figures 7(c) and 7(d) ).
This implied that the length distribution of the carbon nanotubes staying in the water phase after centrifugation was similar, which can be explained by that some highly dispersing carbon nanotubes would come to a relative stability by centrifugation. And it is also suggested that proper centrifugation may speedup the process of obtaining a relative stable colloid solution of MWCNTs.
Influence of Oxidized l-MWCNTs on Endothelial Proliferation.
The proliferation of endothelial incubated with different oxidized l-MWCNTs was showed in Figure 8 . At the low concentration of 0.01 mg/mL, it could be seen that the different oxidized l-MWCNTs resulted in slight reduction of cell viability than that of control after 48 h , profile for the cells cultivated with the four oxidized l-MWCNTs for 48 h was obviously different from those cultivated at the low or middle concentration; the four different oxidized l-MWCNTs displayed significant inhibition to the cells proliferation in reference to control. Treatment of 0.25 mg/mL l-MWCNTs-O 2 resulted in a 32% decrease in cell metabolism which is the highest in the current research. After 72 h, cells viability was little different from that of control. It was noticed that there was significant difference between l-MWCNT-O 1 and the other three kinds of oxidized MWCNTs at 48 h, while significant difference existed between l-MWCNT-O 4 and the other three kinds of oxidized MWCNTs at 72 h. Taking the above results together, the oxidized l-MWCNTs with different oxidation degree induced different inhibitory effects on the cells proliferation though the variation extents in the groups were not so many. This implied that using the above combined characterization solution might be able to probe the linkage between cells proliferation and different MWCNTs with slight difference. It is suggested that the four oxidized l-MWCNTs induced different inhibitory effects on the endothelial proliferation; the extent is related to the oxidation degree as well as to the concentration.
In summary, we would suggest that absorption spectroscopy in combination with SEM, DLS, TGA, XPS, and FTIR can provide more characteristic information of length distribution, surface chemistry, and colloid stability and dispersion status for identifying and comparing the dispersion status of multiwalled carbon nanotubes in water. And the obtained detailed information is helpful to compare the biological effects of carbon nanotubes from different sources.
